Active vibration isolation technology is the key technique to solve the vibration isolation problems related to the multisources complex excitations vibration isolation system. The electromagnetic actuators-based multisources complex excitations active vibration isolation system is built. Additionally, in view of the complex structure and strong coupling of the system, the least-squares method to identify and obtain the mathematical model of the vibration isolation system is adopted. Furthermore, this paper also sets up the acceleration feedback-based PID control model for multisources complex excitations active vibration isolation system, proposes an improved particle swarm optimization (PSO) algorithm of dynamic inertia weight factors used to optimize parameters of the built PID control model, and conducts simulation analysis. The simulation results show that, compared with the passive system before the control, the multisources complex excitations active vibration isolation system under the PID control has the far less peak-to-peak amplitude of acceleration which is transmitted to the foundation and has the much better vibration isolation effect. Finally, the paper conducts experimental verification, which demonstrates that active vibration control effect is identical to the simulation results and the vibration control effect is significantly improved.
Introduction
Along with the development of ships, the mechanical structure inside the ships becomes more and more complex, and so do the excitation mode and the components of excitation signals. Due to the limited load capacity and inner space of the ships, a majority of power devices are installed together rigidly or flexibly to form the isolation object with multiple excitation sources. As the vibration excitations generated by each equipment are different in amplitude, phase, frequency, and direction, those excitation signals are mixed and overlapped, resulting in complicated and variable frequency and phase of excitation signals which happen on the entire vibration isolation object [1] [2] [3] [4] . The energy generated from mechanical vibration of the ships is mainly delivered via the supporting base. Vibration isolation technology can effectively isolate the mechanical vibration transfer. The vibration isolation technology can be divided into passive and active ones. Despite the simple structure and reliable operation, passive vibration isolation technology has inherent defect of poor vibration isolation performance in low frequency and resonance regions. It is difficult to purely rely on passive vibration isolation technology to further improve vibration isolation performance of multisources complex excitations vibration isolation system. Active vibration isolation technology can overcome the defect of the passive vibration isolation technology, which is the poor vibration isolation performance in low frequency and resonance regions. Thus, studies on theories, methods, and technologies of active vibration isolation technology under multiple complex excitation sources are critical to achieve vibration isolation of machinery equipment of ships in terms of whole frequency domain.
Active vibration isolation technology can be carried out from three aspects: structural optimization of the active vibration isolation system, control of active vibration isolation system, and active vibration isolator (actuator) [5] . The active noise and vibration control (ANVC) system was developed by the USA, which used marine high-speed network technology and was applied to full boat equipment for active vibration isolation below 100 Hz [6] . Four solenoid actuators were applied into single excitation active vibration isolation system, which effectively solved the control issue around the flexible plate with modal frequencies and obtained good vibration isolation performance [7] . A "smart spring" mounting system that ordinary springs and electric magnetic actuators were connected in parallel to was proposed. This system solved the response peak of traditional isolators and was applied to single excitation source active vibration isolation system [8, 9] . A kind of vibration isolation structure was introduced, where the electrorheological fluid damper was used to change the damping force and adjust the system rigidity. This structure was applied to single excitation source active vibration isolation system and certain control algorithms were used, enabling the system rigidity to be adjustable within a certain range [10] . Active vibration isolation and system modeling of double-layer isolation system for ship engine or auxiliary engine with single excitation source was studied [11] . The literature [12] targeted the application of unidirectional excitation double-layer isolation system of electrorheological fluid damper to design a semiactive static output feedback fuzzy sliding mode controller. The simulation results showed that the vibration isolation performance was superior to that of the optimal passive damping system. The magnetic suspension technique was applied into microvibration platform with single excitation source and the theories of magnetic suspension vibration isolation under slight excitation were studied. Good vibration isolation effect was obtained [13] . Authorized by the US Navy, magnetic suspension vibration isolators were applied to floating raft isolation system, and active theories and control simulation experiments were studied, with good active vibration isolation effect [14, 15] . Theoretical electromagnetic force model of the magnetic suspension vibration isolator with single excitation source according to measured data was modified [16] .
Among the abovementioned research papers related to active vibration isolation, a majority focus on single-layer and double-layer active vibration isolation system with single excitation source, studying dynamics model and control strategy and algorithm, while some propose active control policies and guidelines of multifreedom degree vibration isolation system. However, there have yet been no deep and comprehensive studies about whether resultant effect can be achieved by jointly using multiple active vibration isolators. Multisources complex excitations active vibration isolation system is the system which achieves vibration isolation by giving play to combined effect of active and passive vibration isolation components. It is the typical mechatronic system. Due to the complicated and changeable excitation, strong nonlinear relationship, and interconnection among different excitation sources and different isolators via structure, the system is very complicated. Thus, it is difficult to build a mathematical model which meets the requirements with the analysis method. Experimental data include all information of the model and the use of model identification method in the experimental data is an effective way to solve such issues [16, 17] . The least-squares method is the method which determines the parameter of system model by minimizing square and function of the generalized error. It is applicable to both linear and nonlinear systems. Thus, this paper adopts this method to complete model identification of multisources complex excitations active vibration isolation system. The control is the core link of the active vibration isolation system and the feedback control is especially suitable for complex systems and systems with uncertain parameters [17] . With simple structure, good stability, reliable operation, and strong robustness, PID feedback controller is mainly subject to three parameters, namely, P, I, and D. Determination of control parameters is the core of control system design. As taking of PID control parameters by hands not only is timeconsuming, but also fails to ensure optimal performance, intelligent control algorithm-based PID controller obtained the PID parameters by combining with modern intelligent algorithms such as genetic algorithm, ant colony optimization algorithms, and particle swarm optimization (PSO) algorithm [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The PSO algorithm is a kind of swarm optimization algorithm in the field of smart computing which is obtained by referring to preying of birds. Compared with the genetic algorithm, ant colony optimization algorithms, and other smart computing methods, the PSO algorithm has simple structure, few parameters, fast convergence speed, easiness to implement, and low time complexity and space complexity. It is demonstrated to obtain the good optimal solution at a low computational cost, and thus it is widely studied and applied in PID parameter optimization field [19] [20] [21] [22] [23] [24] [25] [26] [27] .
The response amplitude of the acceleration delivered to the foundation or the attenuation ratio in the course of acceleration passing is an important indicator to measure the vibration isolation effect of mechanical equipment. Therefore, taking the strong coupling, nonlinear characteristics of complex multisources excitation active vibration isolation system, and the difficulty in establishing an accurate model using traditional kinetic methods into account, the least-squares model identification method is adopted to establish the active vibration isolation system model under the multiple complex excitation sources and build the intelligent PID control model which is based on acceleration feedback. In addition, this paper proposes the improved PSO algorithm of dynamic inertia weight factor, optimizes the built PID control parameters, and conducts simulation analysis and finally experimental verification.
Model of Multisources Complex Excitations Active Vibration Isolation System
The model of multisources complex excitation active vibration isolation system is shown in Figure 1 . Two vibration motors 1-1 and 1-2 are connected rigidly with plate 2. By modulating the frequency via a convertor, the rational speed of two vibration motors can be adjusted and the amplitude and frequency of excitation signals can be changed and adjusted Shock and Vibration upon the system need. Electromagnetic actuators 3-1 and 3-2 are installed between plate 2 and foundation 5 in parallel together with four rubber isolators 4-1, 4-2, 4-3, and 4-4. Six accelerometers 6-1, 6-2, 6-3, 6-4, 6-5, and 6-6 are used to measure the acceleration at the corresponding positions. 1 and 2 are electromagnetic forces of electromagnetic actuators 3-1 and 3-2. XYZ is the corresponding Cartesian coordinate system. Considering that the system targets minimizing the vibration transmitted to the foundation, the acceleration responses at four bottom positions of the vibration isolation system are chosen as the major indicators to evaluate the vibration isolation performance; namely, the acceleration values of accelerometers 6-1, 6-3, 6-4, and 6-6 are used as indicators to evaluate the vibration isolation performance. A smaller acceleration value indicates good vibration isolation performance. Conversely, a greater acceleration value leads to poor vibration isolation performance.
Identification Model of Multisources Complex Excitations Active Vibration Isolation System
Establishing the model of multisources complex excitations active vibration isolation system is the base and premise for the active vibration isolation. Modeling methods for the active vibration isolation system can be divided into two types: the first is analytical method, including multibody dynamics method, finite element method, and four terminal parameters' method, which make certain reasonable assumptions and provide description with accurate mathematical expression. For a more complex system, however, there are general cases where certain parameters cannot be determined and then meet the demand for modeling. The second is system identification method, which is suitable for the system whose mechanism is unclear or overly complex. For a system with unclear or overly complicated mechanism, the system model structure and parameters are determined by input/output data collected from the system under a certain condition, with no need to have a deep understanding of its internal mechanism, which is especially a complex one. The multisources complex excitations active vibration isolation system is a system that achieves the vibration isolation by the combined action of active and passive vibrationisolating elements, which is the typical mechatronics system. There is the strong nonlinearity due to the complex and changeable excitation signals and excitation sources intercouple via structures. Excitation sources and active vibration isolators intercouple with each other as well. Active and passive vibration isolators are also of features of coupling and nonlinearity. Besides, as the system is complex, it is hard to establish the mathematical model meeting requirements with the analytical method adopted. As the experiment data measured includes all the information related to the model, adopting the model identification method is an effective way to solve such issues. The least-squares system identification method is to determine the system model parameters with squares and functions of generalized error minimized by adopting the least-squares principle. The method can be used both for the linear and for the nonlinear systems, which is of features of concise principle, rapid convergence, being easy to implement, and so forth and is most widely used in the system identification. In addition, the recursive least-squares method considering both the amount of calculation and accuracy for the model identification of the multisources complex excitation active vibration isolation system is adopted. The experimental system of experimental data required by the identification model is shown in Figure 2 , including the signal acquisition device MI-7016 (signal generator included), power amplifier of active vibration isolator, accelerometer, active vibration isolator, multisources excitation vibration isolation system, and PC. Firstly, use the signal generator of data collecting analyzer to produce the white-noise voltage signal as the input one for the power amplifier, which drives the active vibration isolator for action and causes vibration. Use the accelerometer to measure the vibration output of relevant position for the vibration isolation system. And adopt the data collecting analyzer to synchronously collect the input voltage and output acceleration signal with the sampling frequency of 2,048 Hz. Then, identification models are obtained from experimental data using the frequencydomain identification method with the identification toolbox of system identification recursive least-squares method system in MATLAB. Based on demands of vibration isolation system, the frequency range of identification model is 10-200 Hz. The amplitude frequency curves and phase frequency curves of identification model and experimental data model for the input signal voltage of active vibration isolator 3-1 and output acceleration signal of accelerometer 6-2 are shown in Figure 3 shown in Figure 5 . The dash line indicates the curve of experimental data model, while the solid line is for the curve of identification model, and the identification order is 11. The frequency response function of identification model marked as VA22 is shown in (3) . And the degree of fitting for frequency response curves between the identification model and experimental model is 95.2%. Hence, marked as VA25 is shown in (4) . And the degree of fitting for frequency response curves between the identification model and experimental model is 90.6%. Hence, In addition, the models between the signal of accelerometer 6-2 and the signals of 6-1, 6-3, 6-4, and 6-6 accelerometers are, respectively, AA21, AA23, AA24, and AA26; the models between the 6-5 signal of accelerometer and the signals of 6-1, 6-3, 6-4, and 6-6 accelerometers are, respectively, AA51, AA53, AA54, and AA56. The approach to obtain identification model is consistent with the foregoing.
PID Control Model and
Improved PSO Algorithm excitation active vibration isolation system, the system is complicated and has complex disturbance signals. Therefore, feedback control is suitable for the system. Furthermore, PID controller is the most widely used feedback controller. It has the features of simple structure, good stability, reliable working performance, and strong robustness. Particularly, when the structure and parameters of the controlled object cannot be fully grasped or when precise mathematical model cannot be obtained, feedback controller also has very good control effect. The control effect of PID controller mainly depends on the three parameters of P, I, and D. Determining the control parameters is the main content of designing PID control system. Conventional PID controller obtains the PID control parameters by means of manual adjustment which is time-consuming and does not guarantee the best performance. The PID controller based on intelligent and improved algorithm obtains PID control parameters through the improvement of intelligent algorithm by means of integrating the PID controller with modern intelligent algorithms such as genetic algorithm, ant colony algorithm, and PSO. Compared with conventional PID control, it has the abilities of self-learning and self-adaption. Such PID controller can automatically identify the parameters of controlled process and adapt to the changes of the parameters of controlled process. Besides, like the conventional PID controller, it also has the features of simple structure, good stability, reliable working performance, and strong robustness. Compared with other intelligent algorithms, PSO has the advantages of simple structure, fewer parameters, fast convergence, easy implementation, and so forth. For this reason, the PID controller of multisources complex excitations active vibration isolation system based on PSO is established. The purpose of active vibration isolation is to reduce the transmission of vibration acceleration, so the acceleration signals of 6-2 and 6-5 are as the feedback signals of PID controller. The controller carries out calculation and feedback output based on the control parameters obtained through the improved PSO algorithm. The amplified output signal regulates the current in active vibration isolation electromagnetic coil to generate a controllable electromagnetic force, and then active control can be conducted for multisources vibration. The control schematic diagram is shown in Figure 7 .
Improved PSO Algorithm.
PSO algorithm has the advantages of simple structure, fewer parameters, fast convergence, easy implementation, and so forth. Its space complexity and time complexity are relatively low, and it has been proved that good optimal solutions can be obtained with relatively small calculation cost [18] [19] [20] [21] . It has been widely studied and applied in the field of optimizing PID parameters [22] [23] [24] . In PSO algorithm, each particle represents a potential solution to the problem, and each particle corresponds to a fitness value determined by the fitness function. The speed of the particles determines the direction and distance of the movement of those particles. In -dimensional searching space, X = (X 1 , X 2 , . . . , X , . . . , X ) represents the population that consists of particles; X = ( 1 , 2 , . . . , ) represents the position of number particle in the searching space, that is, a potential solution; V = ( 1 , 2 , . . . , ) represents the speed of number particle; P = ( 1 , 2 , . . . , ) is the best optimum searched of number particle so far;
) is the optimum position searched by the entire particle swarm so far. In each iteration project, particles update their speeds and positions through individual extremum and group extremum; that is,
where is inertia weight factor; is the current number of evolution generations; = 1, 2, . . . , is the number of particles; = 1, 2, . . . , is each particle dimension; 1 and 2 are the acceleration constants; 1 and 2 are random numbers in [0, 1]. Inertia weight factor reflects the particle's ability to inherit the previous speed. Greater weight is in favor of the global search, and smaller weight is to the benefit of local search. The inertia factors of conventional PSO algorithm are constants and cannot give consideration to the abilities of both global search and local search. In order to achieve better global searching and local searching capabilities of balancing algorithm, this article puts forward an improved PSO algorithm of dynamic inertia weight factor. Inertia weight factor is defined as a function relevant to the evolution generation . The function is
where start is the greater value of initial inertia weight, which maintains relatively strong global searching ability for the algorithm; end is the smaller value of end inertia weight, which ensures relatively strong local searching ability. In addition, in the improved method of weighting factors proposed by (7), weight factor changes slowly in the early stage and maintains a larger value, ensuring the global searching ability of the algorithm; in later stage, the weight factor changes fast and significantly increases the local optimizing ability of the algorithm, which guarantees a good solution performance.
PID Control Parameters Optimization
Based on Improved PSO Algorithm. The optimization of PID controller is to determine a suitable set of parameters , , and that can make the vibration isolation performance indicator optimal.
The bridge between improved PSO algorithm and PID control model is the particle and the corresponding fitness value of the particle. The particle is the parameters of PID controllers, and the format of particle is
The corresponding fitness value of the particle is the performance indicator of control system. Based on the evaluation criteria of isolation effect, the sum of ISE (integral square errors) of four acceleration values is as the fitness function, and it is written as
The optimization process of PID parameters based on improved PSO is as follows.
Step 1. Set up the optimum fitness and maximum number of evolution generations to determine the termination condition: the optimum fitness is achieved, or the maximum evolution generation number is reached.
Step 2. Initial particle swarm is generated randomly. Determine the number of initial populations, the maximum speed and minimum speed of particle swarm, and the positions and speeds of all randomly generated particles. Set up the upper and lower limits of particle parameters to determine the initial inertia weights at the beginning and at the end of the improved PSO algorithm.
Step 3. Assign the value of the particles to PID control parameters [ 1 , 1 , 1 , 2 , 2 , 2 ] in turn, and then operate PID control model to obtain the corresponding fitness values of that group.
Step 4. Transmit the fitness values to PSO as the adaptation value of the particle. Find the best fitness value to see whether the termination condition is satisfied. If so, exit the program.
Step 5. If the termination condition is not satisfied, use the algorithm of (5) to update the positions and speeds of particles. New particle swarm will be generated, and the number of evolution generations will increase by 1. Return to Step 3.
Detailed optimization process of PID parameters based on improved PSO can be found in Figure 8 . 
Simulation

Optimization of Parameters.
Optimization for the parameters of PID controllers based on improved PSO is carried out. Initial particle swarms are generated randomly, and the number of initial particle swarms is 100. In terms of the positions and speeds of all particles generated randomly, the largest and smallest speeds of particle swarms are 1 and −1, and the best fitness value setting is 10 − 4. Based on experience, the upper limit of setting up the parameters is 
Control Simulation Results.
There are multiple excitation sources and complex interference signals of active isolation system. In order to determine whether the established PID controllers and control parameters obtained through optimization are valid, simulation analysis for active isolation system is carried out under the double sine interference signals and double linear swept sine interference signals based on actual conditions. 
Double Sine Interference Signals.
Taking the actual operating conditions into account, when both motor vibration sources are sinusoidal signals, the 1-1 source signal is 50 Hz sinusoidal signal, and the 1-2 source signal is 100 Hz sinusoidal signal. By using the control parameters obtained through the optimization of improved PSO algorithm, the isolation effects before and after control of the isolation system are analyzed, and the simulation time is 1 s. Figures  12-15 are the comparison curves of acceleration responses of the 6-1 to 6-4 positions in multiexcitation vibration isolation system before and after being controlled under the interference of double sine signals.
The time-frequency domain curves of the output acceleration of the 6-1 position in the isolation system before and after being controlled are shown in Figure 12 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's Shock and Vibration under the control. The peak of active system's maximum acceleration response is only 1/4 of passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is frequency. Likewise, the dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be discovered that, at 100 Hz, acceleration amplitude is reduced from 0.22 m/s 2 without the control to 0.066 m/s 2 under the control; the amplitude is reduced by 2/3. After being controlled at 50 Hz, there is also corresponding decrease in terms of the amplitude.
The time-frequency domain curves of the output acceleration of the 6-2 position in the isolation system before and after being controlled are shown in Figure 13 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 0.24 m/s 2 without the control to active system's 0.073 m/s 2 under the control. The peak of active system's maximum acceleration response is less than 1/3 of passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is frequency. Likewise, the dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be discovered that acceleration amplitude is reduced from 0.085 m/s 2 before being controlled to 0.026 m/s 2 after being controlled; the amplitude is reduced by around 70%. At 50 Hz, the acceleration response amplitude reduces from 0.038 m/s 2 without the control to 0.0076 m/s 2 under the control; the amplitude is reduced by around 80%.
The time-frequency domain curves of the output acceleration of the 6-3 position in the isolation system before and after being controlled are shown in Figure 14 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 0.41 m/s 2 without the control to active system's 0.107 m/s 2 under the control. The peak of active system's maximum acceleration response is only about 1/4 of passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is frequency. Likewise, the dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be discovered that, at 100 Hz, acceleration amplitude is reduced from 0.124 m/s 2 before being controlled to 0.038 m/s 2 after being controlled; the amplitude is reduced by around 60%. At 50 Hz, the acceleration response amplitude reduces from 0.040 m/s 10 Shock and Vibration without the control to 0.019 m/s 2 under the control; the amplitude is reduced by more than 50%.
The time-frequency domain curves of the output acceleration of the 6-4 position in the isolation system before and after being controlled are shown in Figure 15 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 0.31 m/s 2 without the control to active system's 0.097 m/s 2 under the control. The peak of active system's maximum acceleration response is less than 1/3 of passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is frequency. Likewise, the dotted line represents the response curve of acceleration before being controlled (passive), and the solid line is the response curve of acceleration after being controlled (active). It can be discovered that, at 50 Hz, acceleration amplitude is reduced from 0.106 m/s 2 before being controlled to 0.0446 m/s 2 after being controlled; the amplitude is reduced by around 60%. At 100 Hz, the acceleration response amplitude reduces from 0.061 m/s 2 without the control to 0.016 m/s 2 under the control; the amplitude is reduced by more than 75%.
Double Linear Swept Sine Interference Signals.
Given the complexity of the actual interference, in order to further validate the effectiveness of the PID control model of multiple excitation active vibration isolation system and PID control parameters obtained through the optimization of improved PSO algorithm, and considering the actual operating conditions, simulation analysis is carried out against the linear swept sine signals when the 1-1 and 1-2 vibration source signals are both 10-200 Hz under the situation that both motor vibration sources are linear swept sine signals. The simulation time is 1 s. Figures 16-19 are the comparison curves of acceleration responses of the 6-1 to 6-4 positions in multiexcitation vibration isolation system before and after being controlled under the interference of double linear swept sine signals.
The time-frequency domain curves of the output acceleration of position 6-1 in the isolation system before and after being controlled under the double linear swept sine interference signals are shown in Figure 16 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 3.52 m/s 2 without the control to active system's 0.34 m/s 2 under the control. The peak of active system's maximum acceleration response is only 1/10 of passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. Likewise, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the peak of maximum acceleration response is reduced from 0.094 m/s 2 before being controlled to 0.011 m/s 2 after being controlled. It is reduced by about 90%. The peaks of other frequency ranges are also significantly reduced, and the increase of isolation effect is obvious.
The time-frequency domain curves of the output acceleration of position 6-2 in the isolation system before and after being controlled under the double linear swept sine interference signals are shown in Figure 17 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 3.61 m/s 2 without the control to active system's 0.378 m/s 2 under the control. The peak of active system's maximum acceleration response is only around 1/10 of passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the peak of maximum acceleration response is reduced from 0.114 m/s 2 before being controlled to 0.0102 m/s 2 after being controlled. It is reduced by more than 90%. The peaks of other frequency ranges are also significantly reduced, and the increase of isolation effect is obvious.
The time-frequency domain curves of the output acceleration of position 6-3 in the isolation system before and after being controlled under the double linear swept sine interference signals are shown in Figure 18 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 3.77 m/s 2 without the control to active system's 0.324 m/s 2 under the control. The peak of active system's maximum acceleration response is less than 1/10 of passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the peak of maximum acceleration response is reduced from 0.0987 m/s 2 before being controlled to 0.0126 m/s 2 after being controlled. It is reduced by around 90%. The peaks of other frequency ranges are also significantly reduced, and the increase of isolation effect is obvious.
The time-frequency domain curves of the output acceleration of position 6-4 in the isolation system before and after being controlled under the double linear swept sine interference signals are shown in Figure 19 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 1.44 m/s 2 without the control to active system's 0.302 m/s 2 under the control. The peak of active system's maximum acceleration response is around 1/5 of passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the peak of maximum acceleration response is reduced from 0.0423 m/s 2 before being controlled to 0.00803 m/s 2 after being controlled. It is reduced by more than 80%. The peaks of other frequency ranges are also significantly reduced, and the increase of isolation effect is obvious. two vibration motors and transducers, two electromagnetic actuators and amplifiers, four rubber isolators, bases, DSP controllers, and accelerometers. The experimental platform is supported by the parallel connection of four rubber isolators and two electromagnetic active isolators. The experiment platform uses two excitation motors to conduct excitation, and the rotation speeds of two motors are 1500 r/min and 3000 r/min, respectively. The actual acceleration signals of the two motors are measured by accelerometer 6-2 and accelerometer 6-5, which are shown in Figure 21 , wherein Figure 21 (a) is the time-frequency curve of the acceleration of position 6-2; Figure 21 (b) is the time-frequency curve of the acceleration of position 6-5. It can be seen that, due to the existence of motor frequency coupling, the vibration frequencies of the two positions mainly concentrate in the vicinity of 25 Hz, 50 Hz, 100 Hz, and 200 Hz. In the active vibration control procedure of isolation platform, the inputs of PID controllers are the acceleration signals of the corresponding position on the isolation platform. Based on the control parameters obtained through the improved PSO algorithm, the controllers carried out calculation and output control signals. The control signals go through the power amplifiers to regulate the electric currents in the active vibration isolation electromagnetic coil to generate a controllable electromagnetic force. In this case, it carries out vibration active control of multisources vibration. The acceleration of each position is acquired by using signal acquisition instrument, and the specific control model is shown in Figure 22 .
Experimental Verification
Comparison of Experimental Results
. By using the established PID control model and the improved PSO algorithm, the parameters of control system are obtained. The acceleration response amplitudes of positions 6-1 to 6-4 on the experiment platform before and after being controlled are shown in Figures 23-26 . The time-frequency domain curves of the output acceleration of position 6-1 in the isolation experimental platform before and after being controlled are shown in Figure 23 . In the time domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. The dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 0.5415 m/s active isolation system is only 35% of the passive system. In the frequency domain curves, the vertical axis represents the magnitude of the acceleration response, and the horizontal axis is time. Likewise, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the maximum peak amplitude (at 100 Hz) of acceleration response reduces from 0.1715 m/s 2 before being controlled to 0.03744 m/s 2 after being controlled, which means it is reduced by 78%. The decrease of other peak amplitudes is also quite significant; the increase of isolation effect is obvious.
The time-frequency domain curves of the output acceleration of position 6-2 in the isolation experimental platform before and after being controlled are shown in Figure 24 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peak-to-peak amplitude of acceleration response is reduced from passive system's 0.2953 m/s 2 before being controlled to active system's 0.1019 m/s 2 after being controlled. The maximum acceleration response of the active isolation system is only around 1/3 of the passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the maximum peak amplitude (at 100 Hz) of acceleration response is reduced from 0.1021 m/s 2 before being controlled to 0.02548 m/s 2 after being controlled, which means it is reduced by 75%. The increase of isolation effect is obvious.
The time-frequency domain curves of the output acceleration of position 6-3 in the isolation experimental platform before and after being controlled are shown in Figure 25 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peakto-peak amplitude of acceleration response is reduced from passive system's 0.2865 m/s 2 before being controlled to active system's 0.13078 m/s 2 after being controlled. The maximum acceleration response of the active isolation system is only around 45% of the passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the maximum peak amplitude (at 200 Hz) of acceleration response is reduced from 0.04424 m/s 2 before being controlled to 0.03103 m/s 2 after being controlled, which means it is reduced by 25%. The decrease of other peak amplitudes is also quite significant.
The time-frequency domain curves of the output acceleration of position 6-4 in the isolation experimental platform before and after being controlled are shown in Figure 26 . In the time domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be seen that the maximum peakto-peak amplitude of acceleration response is reduced from passive system's 0.3188 m/s 2 before being controlled to active system's 0.09127 m/s 2 after being controlled. The maximum acceleration response of the active isolation system is only around 28% of the passive system. In the frequency domain curves, the dotted line represents the response curve of acceleration before being controlled, and the solid line is the response curve of acceleration after being controlled. It can be discovered that the maximum peak amplitude (at 200 Hz) of acceleration response is reduced from 0.04336 m/s 2 before being controlled to 0.01407 m/s 2 after being controlled, which means it is reduced by more than 68%. The decrease of other peak amplitudes is also quite significant.
Conclusions
Multisources excitation active vibration isolation system has complex structure and strong coupling ability. For those features, the model identification method is adopted to establish active isolation system model, and the model identification accuracy is over 90%. PID control model based on acceleration feedback is established, and an improved PSO algorithm of a dynamic inertia weight factor is put forward. Optimization for established PID control parameters is conducted. In order to verify the effectiveness of control model and the control parameters obtained by improved PSO algorithm, simulation analysis is carried out under the functions of double sine interference signals and double sweep-frequency signals. The simulation results show that the vibration acceleration amplitudes of active multisources excitation isolation system after being controlled are much smaller than the passive system before being controlled, and the isolation effect of the active system is much better than those of the passive system. In the end, experimental verification is carried out. The vibration isolation effect of the active control of multisources excitation isolation system agrees with the simulation results. The maximum output acceleration amplitude of the active system is only 40% of the passive system, and the vibration isolation effect is significantly improved.
